This paper deals with the in-plane ultimate strength of steel frames with the thin-walled box sections subjected to the vertical loads. Firstly, a numerical method for analyzing the critical strength" of frames with the initial imperfections in elasto-plastic regions is developed on the basis of second order analysis by approximating the influences of local buckling of thin-walled column elements on the overall buckling collapse. Secondly, an experimental study is performed on the test specimens of five portal frames. Finally, the effective column lengths of frames are discussed and an approximate method to evaluate the critical strength of frames are proposed through experimental and theoretical studies.
INTRODUCTION
In the Japanese Specification for Highway Bridges (JSHB) 1), the ultimate strength of steel frames with the thin-walled box sections such as steel piers and pylons of cable-stayed or suspension bridges can be evaluated on the basis of the ultimate strength curves of hinged-end column of which length corresponds to the effective column length of frame given by the function of flexural rigidity and boundary conditions of beam and column. The similar design provisions are provided in other foreign specifications as are indicated in ERSC2) 3) and DIN 188004.
Numerous theoretical and experimental studies5)-8 for the centrally loaded columns have been carried out and have proposed the several ultimate strength curves by considering the influences of initial imperfections and local bucklings of plate elements. However, it is necessary to clarify the effective column lengths of frames in inelastic buckling regions, because the effective column langths of frames in the above specifications have been derived by a linear bifurcation theory9) without considering the initial imperfections.
Although there have been many experimental works10>1> on the elasto-plastic buckling stability of frames with the compact sections for the purpose of applications to the plastic design methods, the experimental data on the thin-walled frames can not scarcely be found hitherto.
In this study, an analytical methodl2> based upon elasto-plastic and second order theory for the portal (1) Analytical model A portal frame consisted of thin-walled box section, shown in Fig. 1 , and subjected to vertical loads, shown in Fig. 2 (a) , is analyzed in this paper. It is assumed in this frame that both the columns undergo almost the same compressive forces, P, the deflection curve of a cross-beam becomes anti-symmetrical and this beam remains elastic up to the ultimate state of frame. Thus, the cantilever column with rotational restraint, Kim, and a compressive load P at the top can be provided as an analytical model as illustrated in Fig. 2 K)=(1/K)6 EI)y/h) where jay, r,: geometrical moments of inertia of column and beam, respectively, h, l: height and span of frame, respectively, and E: Young's modulus (=2. 1 X 105 MPa).
(2)
Initial imperfection and residual stress The frames are assumed to have the initial deflection modes wi (x), shown in Fig. 2 (a) , similar to the elastic buckling mode, Zi0 (x)=oOe'U-cos(x1he) in order to evaluate the lowest ultimate strength of frames, where he: effective column length in frames based on the elastic buckling theory13>. The values of o0C are taken as he/1 000 which corresponds to the fabrication tolerance of JSHB for the column members with the length, he. Then, the variations of initial deflection) at the top of column and the effective length factor /3e (= he/h) with the stiffness ratio K can be listed in Table 1 .
The residual stress distributions adopted in this analysis is such a pattern as shown in Fig. 1 , in which the compressive residual stress, are, is taken as 0. 4 times of the yield stress, 6y.
Analytical method The transfer matrix method based on the second order analysis12) is adopted to an analytical model. The material is assumed to be perfectly elasto-plastic and their nonlinearlity is considered by dividing the column sections into the small segments as shown in Fig. 1 and by taking the effective flexural rigidities calculated from the elastic zones of cross-sectional segments.
(4) Ultimate strength When a local buckling behavior of column sections is taken into account in overall buckling analysis of frame, rigorous and troublesome procedures will be necessary. The ultimate strength of frames accompanied by this local buckling is, then, evaluated by introducing the following two assumptions7);
The decreases of flexural rigidities of column sections due to the initial deflections of plate elements are smaller than the ones due to the propagations of plastic zones caused by the residual stresses.
(ii)
The uniaxial and flexural rigidities of a column section are nearly equal to zero as soon as a column sections reduces to the ultimate state, and then the frame reaches the ultimate state, because of the fact that the column is composed of thin-walled box section. The ultimate state of column sections can be decided by using a interaction curve of thin-walled box stub-columns subjected to compression and bending as is proposed by Ref. 7) as follows; in which B, t f: width and thickness of the flange plate, respectively, D), tw: height and thickness of the web plate, respectively, a: Poisson's ratio (=Q. 3) and Qy: yield stressof columns. Thus, the ultimate strength of frames can be obtained by using the transfer matrix method as the smaller load of the two ultimate states; i. e. ( i) the instability of frames in which the sway displacements at the top of columns become extreme value, (ii) the ultimate state of column section which corresponds to Eq.
(4). Table 3 .
Loading device The details of experimental device can be shown in Fig. 5 . This device is designed to test the frames under the free condition for sway displacements. Then, the fractions by the vertical loads P at the main jacks 9j (each capacity 100 tf (980 KN)) can be removed by not only the rollers inserted between loading beam 2 and loading frame (3) but also the application of infinitesimal sway load P/200 by the additional jack 10 (capacity 30 tf (295 KN)). The fixed and movable shoes 7 and 8 were also set up so as to unrestrain the rotations at the top of column in the test frames.
Accuracy of the expected performance of this device was checked by the test in elastic regions. As a result, the coefficient of friction at the rollers on the main jacks (9 was found to be less than 0. 002. In the experimental study, the vertical and horizontal loads were gradually increased up to the failure of test specimens.
(4)
Test result a) Initial imperfections The initial deflections at the center of columns and their flange plates were measured prior to the collapse tests.
All the specimens had the initial deflection modes as plotted in Fig. 6 (a) . The values of o'a/h at the top of frames were within the ranges from 1/940 to 1/230 and their average was 1/492 which corresponds to the assumed values in Table 1 . The maximum initial deflections in flange plates was less than the tolerance value, B/150, of J SHB and the average was 0. 345(B/150). b) Buckling modes The buckling mode of test specimen F 5 after test is sketched in Fig. 6 (b) together with the initial deflection mode. All the test specimens showed the sway buckling modes and the local buckling at the flange plates near the tops and bases of columns was also observed. c) Buckling behaviors The relationships between the vertical loads, P, and sway displacements, b, were plotted in the form of P-b'2 curves as shown in Fig. 7 , where p and b' are non-dimensionalized by the squash force of columns, Py, and height of frames, h, respectively. The buckling load Peru is also defined by the condition where the square of sway displacement, b'2,. begins to increase enormously and their points are marked by the symbol, Q, in P-b'2 curves. The P-b'2 curves of test specimens F 3 and F 4 snap just before the ultimate loads and behave as the bifurcation buckling. These mean that the frames will yield at the same time in the ultimate states of column sections, since the plate slenderness, R1, are relatively large (-O. 7). While, b'2 for the test specimen F 5, begins to bow gradually at P / Py-O. 6 and this specimen collapses at P / Py-O. 78. By comparing test specimen F 5 with F 3 and F 4, F 5 has much more redundant strength from the buckling loads up to the ultimate loads. It seems that the buckling loads of frames with large slenderness parameter Ay become lower, because the reduction of flexural rigidities of columns due to the residual stresses have a great influence upon the load-displacement relationships of frames.
It is also noted from the strain distributions in column sections that the flange plates at the base parts of frames is buckled before the ultimate loads. Their local buckling loads were prior to the ultimate loads, Pu, in the test specimens F 1 and F 2, and the values of test specimens F 3-F 5 were smaller than Pu by 5 -15%.
d) Critical strength
The test results of buckling strength Pcru/Py and ultimate strength Pu/Py are listed in Table 4 . These strengths are also plotted as a function of the slenderness parameter Ay as shown in Fig. 8 In the test specimens F 3-F 5, Peru and Pu are smaller than Py by 2-22 % and 2-13 %, respectively, and decrease gradually in accordance with the increase of Ay. By comparing the ultimate strength of test specimen F 2 with F 4, the latter having the large plate slenderness R f (-O. 7) is smaller than the former (Rf=O. 5) by 6%.
In the specimens, F 1 and F 2 as well as F 3-F 5, the differences between Pcru and Pu are about 4-5 % and 0-11 %, respectively. Then, the redundant strengths after the buckling loads become large in accordance with the increase of Ay. This indicates that the rigidities of frames are sensitive to the decreases of rigidities of columns due to the residual stresses as is mentioned in the above. 
PARAMETRIC STUDY ON CRITICAL STRENGTH OF FRAME
The critical strength of portal frames with the same cross-sectional dimensions as the test specimen F 4 (Rf=O. 7) in Table 5 were analyzed by changing stiffness ratio K in the ranges of 1-5 and slenderness parameters, h 1/t7, ray,r E equal to 0. 15-0. 9 under some variations of frame height, h.
(1) P-s curve The p-s' curves of frames for K=3 are illustrated in Fig. 9 , where the three critical strengths Pcru/Py, Pul/Py and Pu/py (thereafter, their representatives are referred to as per/py) are shown in this figure. Pcru/Py means the buckling strength obtained by p-5 curves and p1/p, designates the ultimate strength for the local buckling loads of a column section, P/ P5 being the ultimate strength for the fully-plastic state of a column section or unstable state of frame.
As is seen from this figure, the frames with A, 1=0. 15-0. 45 reduce to the ultimate states caused by the local buckling of column sections and put/ py is smallest of three critical strengths. While, the frames with boy=0. 6-0. 9 tend to bow rapidly prior to pul/ py, thus PCru/ py gives the smallest critical strength.
(2) Lower bound of critical strength Per/Py The variations of critical strengths Per/py due to K and are listed in Table 6 . The relationships Table 5 Column section of analytical frames.
Notes; ay=314MPa, Rfw=0. 641, kp1=0. 8615. Table 6 Variations of critical strength Per/P, due to stiffness ratio K and slenderness parameter Ae y.
Note; Values in OJ show the lower bounds of critical strength between Pcr/Py and) of the frames for K=3 are plotted in Fig, 10 . From this figure, it seems that the lower bounds of PC,/Py are given by P, 1/P, in the ranges where A=O -0. 52 and Pcru/Py in the ranges where A,>0. 52. Therefore, it is important to clarify the buckling strength in order to set the lower bounds of critical strength of frames. (3) Variation of buckling strength The buckling strength Pcru/Py is plotted as a function of A as shown in Fig, 11 from Table 6 , in which the fundamental ultimate strength curve of centrally loaded hinged-end columns by our analysis is also shown in this figure.
It can be seen from this figure that the decreases of Pcru/Py are predominant in accordance with the increases of K and/k0y.
EFFECTIVE COLUMN LENGTH AND CALCULATION METHOD FOR CRITICAL
STRENGTH OF FRAME
(1) Effective column length based on buckling strength In order to obtain the effective column length, he, of frames, the variations due to two slenderness parameters,) and Ay, were investigated from Table 6 . These results can be plotted in Fig, 12 , where the column strength is obtained by the curve Puo/Py in Fig. 11 . From this figure, the effective length factor, B, can be defined as the slope of a line between origin (0, 0) and point (A, A5). Although fl=1. 0 in the ranges where/0y<0. 3, becomes somewhat large in accordance with the increases of K and A. Therefore, the effective column length factor fi should be found as a function of K and), These results are quite different from the elastic buckling theory such as/3 remains constant when K is constant (see Table 1 ), because the flexural rigidities of columns are considerably small near the buckling loads by the propagation of plastic zones and then the rotational restraints at the tops of columns are variable. According to JSHB, 9 is constant (=1. 5) in the ranges where 0<K<5, and this criteria seems to be conservative in case where K and A, are small.
From numerous analytical results, the relationships between Ay and A, can be set as follows; (2) Approximate method for critical strength considering local buckling As the critical strength obtained by using Eqs. (12) and (13) is the strength of buckling instability of frame, it is necessary to evaluate the critical strength by considering the local buckling of column sections in the extents of smaller slenderness parameter Ay. The critical strength PC1/Py in this region will be approximated by the ultimate strength curve of column in Ref. 7 P*r/Py=minBPCo/Py; PC1/Py} (3) Verification of approximate method The final critical strength P*,/Py, approximated by Eqs. (12)- (16), was compared with the analytical results in Table 6 and experimental ones in Table 4 . The results are summarized in Fig. 13 .
The values of P*,/Py given by Eq. (16) are well coincided with the analytical ones within the errors+ 4 % and somewhat underestimate the test results by 3-10 %, but give the lower bound of them. Thus, this proposition seems to be practical and it is, therefore, concluded that an approximate method to estimate the lower bounds of critical strength, predicated in this paper, will be useful for establishing the limit state design methods of thin-walled steel frames.
CONCLUSION
In this paper, the critical strength of thin-walled portal frames subjected to vertical loads were clarified by analytical and experimental studies. The main conclusions can be summarized as follows; (1) The lower bounds of critical strength of frames were clarified, i. e. the ultimate strength for local buckling of a column section was predominant in the range of smaller slenderness parameter whereas the overall buckling was governed by the strength of frames with larger (2) The formulae for effective column length of portal frames within the ranges of 0<K<5 and 0 < Aoy< 0. 9 were proposed on the basis of buckling instability of frame.
(3)
An approximate method for estimating the critical strength of portal frames by considering the local buckling of column sections was proposed through the applications of the column strength curves of JSHB.
(4)
The critical strengths calculated by the above propositions well coincided with the analytical and experimental results.
(5) These propositions will be able to apply to the limit state design of thin-walled frames.
